The effects of restricted cholinergic deafferentation of prefrontal cortex in rats on sustained attention were assessed. Attentional demands were increased by presentation of distractor stimuli in a different modality (auditory) or the same modality (visual) as target stimuli. Additionally, the effects of the regularity of the distractor on rats' ability to disregard this stimulus were assessed by testing different frequencies of stimuli for each modality. Cholinergically lesioned rats were more sensitive to the effects of auditory distractors than nonlesioned rats, whereas visual distractors of any frequency potently impaired the performance of all subjects. The effects of the auditory stimuli on attentional performance varied depending on the frequency of the tone. A tone with a predictable pattern enhanced signal detection in all rats. An irregular tone selectively impaired performance of rats with cholinergic lesions. Additional tests suggest that rats use the regular tone to time when to attend. Lesioned rats were impaired when the regular tone was presented with a more variable intertrial interval in a subsequent testing session, suggesting impairments in top-down control. In addition to changes in top-down control of attention, differential effects on performance based on the regularity of the tone suggest that stimulus properties encoded by bottom-up processes are also altered after lesioning. The current data suggest that cholinergic deafferentation of prefrontal cortex alters top-down and bottom-up processing of stimuli.
Introduction
Converging evidence supports a role for cortical acetylcholine (ACh) in many types of attention (Muir et al., 1995; McGaughy et al., 1996; Turchi and Sarter, 1997; Baxter and Chiba, 1999; McGaughy et al., 2000; Kozak et al., 2006) . Much of these data are based on manipulations of the cholinergic cell bodies in the nucleus basalis magnocellularis (nbm) that alter ACh throughout the cerebral cortex (Bigl et al., 1982; Mesulam et al., 1983) and failed to dissociate the unique contributions of cortical subregions that receive cholinergic innervation. Current hypotheses suggest that the entire neocortical mantle is not functionally homogeneous; rather, distinct subregions of the cortex are recruited depending on the attentional demands (Dias et al., 1997; Mesulam, 1999; Dalley et al., 2004) . One subregion, prefrontal cortex (PFC), is consistently implicated in mediating many forms of behavioral control (Mesulam, 1999; Dalley et al., 2004) , and cholinergic efflux in this area is critical to these functions (Himmelheber et al., 2000; Dalley et al., 2001; McGaughy et al., 2002a; Kozak et al., 2006) . Acetylcholine in PFC is hypothesized to control top-down allocation of attentional resources (Sarter et al., 2001a . Increases in prefrontal ACh stimulates cholinergic efflux in the posterior parietal cortex (PPC) (Nelson et al., 2005) . The parietal cortex controls spatial (Posner et al., 1987) and temporal (Coull and Nobre, 1998) orientation of attention and maintains focus in the presence of distraction Yantis, 2004, 2006) . The recruitment of PPC by PFC is hypothesized to result from increased attentional demand (Nelson et al., 2005) .
We assessed the effects of cholinergic deafferentation of PFC in rats performing a test of sustained attention (McGaughy and Sarter, 1995a) . We hypothesized that these lesions would disrupt top-down control of attention necessary to disregard distractors. Previous work has shown that prefrontal cortical neurons fire in response to distractors (Gill et al., 2000; Buschman and Miller, 2007) . Cholinergic deafferentation of PFC decreased the firing rate of prefrontal neurons and attenuated "distractor-induced positive modulation of neuronal responses," supporting the hypothesis that cortical acetylcholine is necessary to disregard irrelevant stimuli (Gill et al., 2000) . Because visual distractors potently disrupt performance of intact rats and produce floor effects in behavior (McGaughy and Sarter, 1995a) , we also assessed the effects of auditory distractors. We hypothesized that cholinergically lesioned (ACh-LX) rats would be unable to disregard all task-irrelevant stimuli. Additionally, we varied the duration of on-off cycles of distractors to determine whether increased similarity between visual distractors and targets exacerbated attentional impairments. The effects of auditory distractors were not expected to differ based on the on-off pattern of the stimuli because these stimuli had no perceptual overlap with targets. To assess the effects of other types of increased attentional demands, we tested subjects with a more unpredictable event rate (Scerbo et al., 1987; McGaughy and Sarter, 1995a) . Finally, we assessed the effects of eliminating the dynamic stimulus range to determine whether cholinergic lesions influence the response to decreases in expected uncertainty Dayan, 2002, 2005) .
Materials and Methods

Subjects
Sixteen male, Long-Evans rats (Harlan, Indianapolis, IN) were used in this study. The animals were moderately food restricted to keep their weights at 90% of age-matched controls receiving ϳ18 g of rat chow per diem and ad libitum water. All animals were weighed weekly to ensure healthy weights relative to age-matched norms. Animals were housed separately, kept on a 12 h light/dark cycle (lights on at 6:00 A.M.) in a climate-controlled environment, and only tested during the light hours.
Apparatus and materials
Operant chambers (Med Associates, St. Albans, VT) equipped with two retractable levers, a house light (2.8 W), a 45 mg pellet dispenser, a 2900 Hz sonalert tone generator, and three panel lights (2.8 W) were used. The food dispenser, panel lights, and retractable levers were all located on the same wall. The tone generator and house light were located on the opposite wall. Records of signal presentation, lever operation, and food pellet (Noyes Precision Pellets, 45 mg; Research Diets, New Brunswick, NJ) delivery were maintained using a personal computer with Windows XP (Microsoft, Seattle, WA) and the Med-PC IV software (Med Associates).
Behavioral training
Training occurred between 8:00 A.M. and 2:00 P.M. 5 d/week. Rats were initially trained to bar press for food in accordance with a fixed ratio 1 schedule of reinforcement in the operant chamber with the house light illuminated. If the rat pressed one lever over five times more than the other lever, the animal would not be rewarded, forcing the animal to press the other lever for a reward and preventing the development of a side bias. Once the animals emitted at least 50 responses on both levers for 2 consecutive days, training in the sustained attention task was begun.
Sustained attention task shaping
Training sessions consisted of a total of 162 trials. Subjects were placed in the operant chambers and given 1 min to acclimate to the environment. The animals were initially trained to discriminate between signal and nonsignal trials with the house light on throughout the session. Signal and nonsignal trials were presented in a pseudorandomized sequence so that each block of 54 trials consisted of an equal number of signal and nonsignal events. Signal trials consisted of illuminating the central and left panel lights for 1 s. The lights were not illuminated for nonsignal trials. Two seconds after the presentation of the signal or the nonsignal event, both levers were extended into the box and remained for 4 s or until a lever press occurred. Animals were reinforced for responding to the presence of the light stimuli by depressing the left lever (hit) and the absence of the lights by pressing the right lever (correct rejection). Incorrect lever presses were defined as misses when they occurred on a signal trial and false alarms when they occurred on a nonsignal trial. If the animal failed to respond or responded incorrectly, the levers were retracted and the intertrial interval (ITI) (12 Ϯ 3 s) was reinstated. After an incorrect response, the trial was repeated up to three times (correction trials). If the animal failed to respond correctly after three correction trials, a forced-choice trial was initiated. In forced-choice trials, the event (signal or nonsignal) was repeated but only the correct lever was extended and remained active for 90 s. On forced-choice, signal trials, the lights remained illuminated for 90 s. These trials facilitated discriminative conditioning and blocked the development of a side bias. After the animals responded correctly to Ն70% of both the signal and nonsignal events for at least 2 consecutive testing days, they entered a second shaping task. In this task, only the central panel light was illuminated for 1 s.
All other aspects of the task were the same as the previous shaping task. After the animals responded correctly to Ն75% of both the signal and nonsignal events for at least 2 consecutive testing days in this phase of shaping, they entered the final task.
Sustained attention task: baseline task
In the final version of the task, the length of the signal duration was changed from 1 s to 25, 100, or 500 ms. Sessions consisted of 27 trials of each of the three signal lengths and 81 trials of the nonsignal trials, yielding a total of 162 trials per session. Because it was planned to analyze performance changes across three blocks of 54 trials each, the sequence of signal and nonsignal trials was pseudorandomized so that one block consisted of 27 signal and 27 nonsignal trials, with each signal length being presented nine times. In addition, both correction and forcedchoice trials were discontinued. Animals were trained to a criterion of Ͼ75% hits to 500 ms signals and Ͼ75% correct rejections to nonsignal trials for at least two consecutive sessions, at which point they were considered ready for surgery.
Surgical procedures
Rats were paired according to accuracy to nonsignals and the longest signal length. One of each pair was randomly assigned to either receive the immunotoxin 192 IgG-saporin (Advanced Targeting Systems, San Diego, CA) or its vehicle, Dulbecco's saline, by infusion in the prefrontal cortex. Rats were anesthetized using intramuscular injections of ketamine and xylazine (85 mg/kg ketamine and 8.5 mg/kg xylazine). Infusions of 0.01 g/l of 192 IgG-saporin in Dulbecco's saline or vehicle were made into the prefrontal cortex via a 10 l, 26 gauge microsyringe (Hamilton, Reno, NV) mounted on a stereotaxic frame (Stoelting, Wood Dale, IL). A small volume (0.5 l/site) of the toxin or vehicle was infused bilaterally at a rate of 125 nl/min using an electronic infusion pump (Micro 4, Microsyringe Pump Controller; World Precision Instruments, Sarasota, FL) to limit any damage of the tissue to that of the toxin. The needle was left in place for 4 min previous and subsequent to infusion to minimize bleeding and undesired diffusion of the toxin. The following coordinates were used (in mm): anteroposterior, bregma ϩ2.8; mediolateral, Ϯ0.6; dorsoventral, skull Ϫ5.2; and the tooth bar at Ϫ3.3. Animals received 10 d of ad libitum food and water before food deprivation was reinstated. Four days of additional food deprivation (ϳ18 g/d) were established before postoperative training commenced.
Postoperative training
Animals were retrained to criterion performance on the standard task after recovery from surgery. When rats performed at criterion performance (Ͼ75% hits 500; Ͼ75% correct rejections) for 2 consecutive days, variations of attentional demands began. After the completion of a testing session, rats were returned to training in the standard task and again required to perform at criterion levels for 2 d before the next testing session. The order of the six variations of attentional load, as described in detail below, were counterbalanced across subjects to control for possible effects of testing sequence.
Effects of task-irrelevant stimuli
Previous studies have shown that the effects of flashing house light on attentional performance are so potent that the accuracy of nonlesioned rats in these sessions is similar to the performance of rats after cholinergic depletion of the neocortical mantle during the standard task (McGaughy and Sarter, 1995a; McGaughy et al., 1996) . To prevent floor effects on behavior, the modality of the distractor was changed from visual to auditory. The tone was presented at a constant rate (0.5 Hz; "regular tone") throughout the session or with varying duration and rate of presentation throughout the session (0.25, 0.5, 1.5, 1, 2, or 3 s on-off; "irregular tone"). To allow comparison with previous work, we also included tests with flashing house light with one session of a 0.5 Hz light ("regular light") and one test with a light of varying duration and frequency identical to the irregular tone (0.25, 0.5, 1.5, 1, 2, or 3 s on-off; "irregular light").
of targets (McGaughy and Sarter, 1995a,b) . A more recent framework describes this variability in targets as expected uncertainty and has hypothesized that acetylcholine is critical to performing under these conditions (Yu and Dayan, 2005) . However, confusion exists as to whether it is simply the salience of the 25 ms signal (Muir et al., 1994) or its position among multiple targets that taxes attention. To assess the effects of expected uncertainty versus simple signal salience on performance, the dynamic stimulus range was removed so that sessions consisted of only 25 ms signals and nonsignals with the expectation that the animals would be better at detecting the 25 ms signal when it was not embedded in the dynamic stimulus range.
Effects of an increase in the variability of the ITI
Event asynchrony degrades performance efficiency when compared with regular event schedules (Scerbo et al., 1987; McGaughy and Sarter, 1995a) . Because the variability of the ITI was kept relatively small (12 Ϯ 3 s), it could not be completely excluded that the animals were able to approximate the onset of the signal or nonsignal event. Therefore, the effects of an increase in the variability of the ITI to 12 Ϯ 6 s were examined. Animals were tested for one session in the task using the highly variable ITI. This session allowed the assessment of increased attentional demands different from those of the task-irrelevant stimuli.
Characterization of the effects of tone on performance
After all of the above variations were completed, the consistent tone was found to improve attentional performance. We hypothesized that rats used the regularity of the 0.5 Hz tone to time when to attend. To test this hypothesis, the consistent 0.5 Hz tone was presented in combination with the highly asynchronous event rate. This variation was tested twice. Rats were trained in the standard task after the first session until they reestablished criterion performance.
Data analyses from these previous variations also showed a detrimental effect of the irregular tone on task performance. It was hypothesized that this impairment may result from the coincident presentation of the distractor and target. This hypothesis was tested by assessing the effects of a brief tone (15 ms) consistently paired with the presentation of the signal or nonsignal event. The order of testing of these two final tests was counterbalanced across subjects, with half of the rats tested first with the tone and highly asynchronous ITI and half with the tone coincident with events.
Behavioral measures
From each test session, the number of hits, misses, correct rejections, false alarms, and errors of omissions were recorded. The relative number of hits (hits/hits ϩ misses) was calculated for each signal length. Furthermore, the relative number of correct rejections (correct rejections/correct rejections ϩ false alarms) was computed. The relative number of left lever presses (hits ϩ false alarms/all responses) was also calculated to detect any side biases the animal may have developed in which the initial analyses of hits and correct rejections suggested such a bias could explain the pattern of results.
Histology. After completion of testing, animals were given an overdose of ketamine and xylazine (100 mg/kg ketamine and 10 mg/kg xylazine). The rats were then transcardially perfused with 0.9% saline, followed by 4% paraformaldehyde in phosphate buffer. Brains were removed and placed in a 30% sucrose solution until they sunk and then sliced into 50 m coronal sections. Alternate sections were thionin stained for Nissl bodies and acetylcholinesterase (AChE) as optimized for cortical fibers as described previously (Tago et al., 1986) . Briefly, sections were placed in phosphate buffer, pH 7.4, with 0.1% H 2 O 2 before rinsing with 0.1 M maleate buffer (three times for 3 min, pH 6.0). Sections were then incubated in a solution of 5 mg of acetylthiocholine idodide, 0.147 g of sodium citrate, 0.075 g of copper sulfate, and 0.0164 g of potassium ferricyanide in 0.1 maleate buffer for 60 min. After incubation, sections were rinsed in 50 mM Tris buffer (three times for 3 min, pH 7.6). A second incubation then commenced using 0.05 g of diaminobenzidine and 0.375 g of nickel ammonium sulfate in 125 ml of 50 mM Tris buffer. Twelve drops of 0.1% H 2 O 2 were added to each 60 ml bath until cortical layers became visible. Sections were rinsed in 5 mM Tris buffer (three times for 3 min) before mounting with gelatin on gelatin-coated slides. Histological assessment of fiber loss was made using a modified grid counting procedure (McGaughy et al., 1996; Ross et al., 2005) . Sections were examined on an Olympus Optical BX51 microscope (Optical Analysis Corporation) using the 40ϫ objective. Images of the sections were photographed using a SPOT Insight digital camera (Diagnostic Imaging, Sterling Heights, MI). A grid measuring 300 ϫ 300 m was applied to the image of the brain using Image Pro Plus version 6.0 software (Media Cybernetics, Silver Springs, MD), and the number of fibers that crossed the perimeter of the grid were counted Ross et al., 2005) . Fiber counts were obtained in the infralimbic/prelimbic cortices (IL/PL) at bregma ϩ4.7, ϩ3.7, ϩ2.7, and ϩ2.5 mm and in the cingulate cortex at bregma ϩ3.7, ϩ2.5, and ϩ0.7 mm.
Statistical analyses
Histology. All statistical analyses were done on SPSS 14.0 for Windows. The extent of the lesion was determined with a separate ANOVA for each region (IL/PL and cingulate). The extent of damage in a region was assessed in a mixed-factors ANOVA with hemisphere (2 levels) and rostrocaudal position (IL/PL, 4; cingulate, 3) as within-subject factors and lesion (2) as the between-subjects factor.
Behavioral analyses
Postsurgical baseline sessions. All dependent measures were analyzed using separate mixed-factor ANOVAs. The degrees of freedom in all analyses were corrected using the Huynh-Feldt correction in the case of a violation of sphericity. values not equal to 1 are reported below. The mean performance on the baseline days before each attentional variation day were compared with each other to determine whether there was any difference in the performance of ACh-LX and Sham-LX rats in postsurgical performance in the standard task over time. For the analysis of the effects of time on task (vigilance decrement), test sessions were divided in three blocks of 54 trials (see above). The effects of signal length and block over the days of baseline on hit accuracy were analyzed using a mixedfactor ANOVA with one between-subjects factor (lesion, 2) and three within-subject factors (day, 9; block, 3; signal, 3) . Note that the independent variable day has nine levels because it includes the mean performance for the 2 d before each behavioral variation in addition to a second baseline day from the test of a 0.5 Hz tone and highly asynchronous event rate as rats were exposed to this test twice. The effects of block on correct rejection accuracy were analyzed using a mixed-factors ANOVA with one between-subjects factor (lesion, 2) and two within-subject factors (day, 9; block, 3).
Sessions with varied attentional demand. Baseline performance for each dependent measure was calculated using mean of the two sessions in the standard task (ITI, 12 Ϯ 3 s) immediately before a test of altered attentional demand (e.g., regular tone) so that each ANOVA has two levels, allowing a comparison of the mean baseline performance to the test session. The effects of varied attentional demand were assessed in independent, mixed-factors ANOVAs with one between-subjects factor (lesion, 2) and three within-subject factors (task variation, 2; block, 3; signal, 3). The effects on correct rejection accuracy were analyzed using a mixed-factors ANOVA with one between-subjects factor (lesion, 2) and two within-subject factors (task variation, 2; block, 3).
Event asynchrony with 0.5 Hz tone. The effects of increasing the event asynchrony from 12 Ϯ 3 to 12 Ϯ 6 s ITIs in the presence of a consistent tone (0.5 Hz) was tested for two sessions. Means for each dependent variable for the 2 d before the first test session were calculated so that the factor high asynchrony tone had three rather than two levels. A mixedfactors ANOVA was used to analyze the effects of this variation on performance with three within-subjects factors high asynchrony tone (3), block (3), and signal (3) and one between-subjects factor lesion (2). The effects on correct rejection accuracy were analyzed using a mixed-factor ANOVA with one between-subjects factor (lesion, 2) and two withinsubject factors (high asynchrony tone, 3; block, 3).
Results
Histology
The lesions effectively decreased the number of AChE ϩ fibers in the IL/PL but not the cingulate region of the frontal cortex (le-sion: IL/PL, F (1,14) ϭ 547.02, p Ͻ 0.001; cingulate cortex 1, F (1, 14) ϭ 0.51, p ϭ 0.48). The ACh-LX rats had an average loss of 48.5% in the region of the IL/PL relative to Sham-LX rats (mean Ϯ SEM: ACh-LX, 58.98 Ϯ 1.64; Sham-LX, 114.45 Ϯ 1.72) (Fig. 1) . The loss of fibers did not vary based on hemisphere (all p Ͼ 0.10) or rostrally to caudally (all p Ͼ 0.08).
Baseline
Cholinergic deafferentation of the prefrontal cortex did not produce any differences in responses to signals (lesion, F (1,14) ϭ 0.54; p ϭ 0.48) (Fig. 2) or nonsignals (lesion, F (1,14) ϭ 0.002; p ϭ 0.96). The effects of lesion were unchanged regardless of signal length, the amount of time on task, or the day of testing (all p Ͼ 0.10). Performance was found to be signal length dependent as shown previously (F (2,28) ϭ 207.69; p Ͻ 0.001; ϭ 0.73) (Fig. 2) .
Task-irrelevant tones
There was a differential sensitivity of the ACh-LX rats to irregular tone relative to Sham-LX rats over the course of the testing session (F (2,28) ϭ 5.74; p ϭ 0.03). The performance of ACh-LX rats in the presence of the distractor during the initial block of trials was significantly impaired relative to performance in the same block in the standard task (t (7) ϭ 3.99; p ϭ 0.005; corrected ␣ ϭ 0.017) (Fig. 3) . The Sham-LX rats' performance was unaffected by the presence of the irregular tone over the course of the testing session (all p Ͼ 0.57) (Fig. 3) . The effects of the variable tone produced no differential effects on the performance of Sham-LX and ACh-LX rats in the detection of signals (all p Ͼ 0.06). The presence of the irregular tone produced no effects on response to nonsignals (all p Ͼ 0.16).
The regular (0.5 Hz) tone facilitated detection of signals (F (1,14) ϭ 7.29; p ϭ 0.02), and this beneficial effect was greater with prolonged time on task (F (2,28) ϭ 5.33; p ϭ 0.01; ϭ 0.89) (Fig. 4) . Planned comparisons of performance in the presence of the regular tone during the third block of trials was greater than under baseline conditions (t (15) ϭ 4.49; p Ͻ 0.001; corrected ␣ ϭ 0.017). This improvement in performance in the third block differed between the groups (F (2,28) ϭ 4.53; p ϭ 0.02). Additionally, Sham-LX and ACh-LX showed improvements at different signal lengths during the third block of trials (lesion ϫ signal length ϫ block, F (4,56) ϭ 2.68; p ϭ 0.04). Analyses of performance in the third block of trials in the presence of the regular tone revealed that Sham-LX rats detected the 25 ms signal with greater accuracy (t (7) ϭ Ϫ3.38; p ϭ 0.012; corrected ␣ ϭ 0.017) (Fig. 5) , whereas ACh-LX rats showed an improved detection of the 100 ms signal (t (7) ϭ Ϫ3.33; p ϭ 0.013; corrected ␣ ϭ 0.017) as shown in Figure 6 . There was no effect of the 0.5 Hz tone on responses to nonsignals (F (1,14) ϭ 2.27; p ϭ 0.15), and there were no other significant main effects or interactions in this analysis (all p Ͼ 0.21).
Task-irrelevant lights
There was no differential response of ACh-LX rats to the effects of flashing house light when compared with Sham-LX rats. As found in previous studies, flashing house light significantly impaired the detection of signals regardless of whether the light flashed in a regular (F (1,14) ϭ 66.79; p Ͻ 0.001; mean Ϯ SEM: baseline, 76.0 Ϯ 2.0; regular light, 45 Ϯ 4.0) or irregular pattern (F (1,14) ϭ 35.59; p Ͻ 0.001; baseline, 87.0 Ϯ 2.0; irregular light, 62.7 Ϯ 4.0). The detrimental effects of the task-irrelevant lights did not interact with the effects of lesion (all p Ͼ 0.27) or with the effects of time on task (all p Ͼ 0.16). Correct rejections were also significantly decreased in the presence of the 0.5 Hz light (F (1,14) ϭ 9.14; p Ͻ 0.001; baseline, 87.0 Ϯ 0.8; regular light, 78.0 Ϯ 3.0) and the irregular, flashing house light (F (1,14) ϭ 9.14; p ϭ 0.009; baseline, 87.0 Ϯ 2.0; irregular light, 62.0 Ϯ 4.0). This effect did not differ between groups (all p Ͼ 0.17).
Removal of the dynamic stimulus range
The presentation of the 25 ms signal alone facilitated detection of this stimulus (F (1,14) ϭ 10.28; p ϭ 0.006; mean Ϯ SEM: baseline 25 ms, 59.0 Ϯ 4.0; only 25 ms, 69.0 Ϯ 2.0). This effect was un- Figure 1 . Cortical cholinergic fibers as elucidated by AChE staining from the IL/PL. Although all rats received bilateral infusions of either 192 IgG-saporin or its vehicle, for illustration purposes, the left side of the figure shows fibers from a Sham-LX rat, and the right side shows fibers from an ACh-LX rat. Fiber loss was consistent in the IL/PL in ACh-LX rats rostral to caudally with an average loss of 48% in cortical fibers as assessed using a modified grid counting technique. Loss of AChE-positive fibers was restricted to the region of the IL/PL, and the toxin did not damage the cingulate cortex dorsal to this region. Fiber counts were taken slightly lateral to the midline to allow the assessment of loss in the IL/PL in regions not innervated by the brainstem cholinergic nuclei, which was spared in the current study. changed by the lesion (all p Ͼ 0.37) (Fig. 7) or time on task (all p Ͼ 0.73). There was a statistically significant although small impairment in the response to nonsignal during the session with only 25 ms signals (F (1,14) ϭ 6.07; p ϭ 0.03; mean Ϯ SEM: baseline, 88.0 Ϯ 1.0; only 25 ms, 85.0 Ϯ 1.0). This effect did not differ between lesion groups (all p Ͼ 0.17) or change with increased time on task (all p Ͼ 0.16).
High asynchrony
The effects of high asynchrony failed to interact with lesion (F (1, 14) ϭ 0.19; p ϭ 0.67), but the effects of high asynchrony over time on task differed between the Sham-LX and ACh-LX rats (F (2,28) ϭ 5.80; p Ͻ 0.008). This effect did not result from impairment in performance under conditions of high asynchrony in ACh-LX rats (all p Ͼ 0.15); rather, there was a transient improvement in the detection of signals in Sham-LX rats during block 2 of the more variable ITI condition relative to baseline (t (7) ϭ 3.14; p Ͼ 0.016; correct ␣ ϭ 0.017). There were no other significant effects or interactions in the analysis of hits (all p Ͼ 0.08). The response to nonsignals was unchanged by this variation regardless of lesion group (all p Ͼ 0.09). This task-irrelevant stimulus had no effect on the performance of Sham-LX rats (left). The transience of the impairment in ACh-LX rats suggest that top-down control of attention that allows subject to disregard task-irrelevant stimuli was compromised but not abolished. *p Ͻ 0.05. Figure 5 . Detection of the 25 ms signal during baseline (open symbols) and sessions with the 0.5 Hz tone (filled symbols) for Sham-LX (left) and ACh-LX (right) rats over the course of the testing session. The introduction of a 0.5 Hz tone facilitated Sham-LX but not ACh-LX rats' detection of the 25 ms stimulus during block 3. There was a trend for ACh-LX rats' detection of the 25 ms signal to be improved in block 1. *p Ͻ 0.05.
Percent Correct Hits
High asynchrony with regular tone
The initial day of high asynchrony in the presence of the regular tone impaired performance (F (2,28) ϭ 8.59; p ϭ 0.001; ϭ 0.92; mean Ϯ SEM: baseline, 80.5 Ϯ 2.0; high asynchrony/tone day 1, 66.9 Ϯ 9.0; high asynchrony/tone day 2, 79.2 Ϯ 3.0). This impairment on day 1 of the highly asynchronous ITI with tone was greater in ACh-LX rats relative to Sham-LX (F (2,28) ϭ 4.03; p ϭ 0.03; ϭ 0.92; baseline vs high asynchrony/tone day 1: Sham-LX, t (7) ϭ 1.35; p ϭ 0.22; ACh-LX, t (7) ϭ 2.72; p ϭ 0.03) (Fig. 8) . The effects of the combination high asynchrony and regular tone did not interact with any other factor in the analyses of hits (all p Ͼ 0.64) and produced no effects on performance of nonsignals (all p Ͼ 0.31).
Brief tone coincident with events
The presentation of a briefly overlapping tone with signals did not produce any change in hits in either ACh-LX or Sham-LX rats (all p Ͼ 0.08). The presentation of a brief tone coincident with nonsignals produced similar effects on correct rejections in both Sham-LX and ACh-LX (all other p Ͼ 0.29).
Discussion
Restricted cholinergic lesions of IL/PL, without concurrent damage to cingulate cortex, increase susceptibility to distraction in the absence of baseline attentional impairments (Fig. 2) . Intra-nbm infusions of 192 IgG-saporin produced robust impairments in detection of all signals (McGaughy et al., 1996 , whereas diffuse intracortical infusions of the cholinotoxin impaired detection of 500 ms signals (McGaughy and Sarter, 1998) . Our data show that IL/PL damage alone is sufficient to impair attention, suggesting that it has a unique role in attention. Previous work has shown that cholinergic deafferentation of IL/PL, but not orbitofrontal, impedes formation of an attentional set (McGaughy et al., 2002b) . We restricted the size of lesions in the present study to preserve baseline attentional performance and confine damage to IL/PL. Similar cholinergic lesions of IL/PL and cingulate cortices impair attention for action (Maddux et al., 2007) . Differences in task requirements, the larger amount of cholinergic deafferentation, or concurrent The abolition of the dynamic stimulus range improved detection of the 25 ms signal. Performance in the standard task for Sham-LX (white bar) and ACh-LX (black bar) rats is similar, as is the improvement in performance in the session in which only the 25 ms signal is presented (lined bars). These data support the hypothesis that it is the dynamic stimulus range, not the sensory attributes of the 25 ms signal, that make it most difficult to detect in the baseline sessions of the task. Figure 8 . The beneficial effect of the 0.5 Hz tone (shown in Fig. 3 ) was disrupted in the first session; it was paired with an increase in event asynchrony in both Sham-LX (white bars) and ACh-LX (black bars). This suggests that the regularity of the tone allowed subjects to time when to attend. This impairment was greater in ACh-LX rats than Sham-LX rats and is hypothesized to reflect compromised top-down control in these subjects. Both groups soon adapted their behavior so that this pairing of the 0.5 Hz tone with the highly asynchronous event rate no longer impaired performance on the second exposure to these conditions (Day 2), but the increase in temporal unpredictably prevented the beneficial effects of the tone. *p Ͻ 0.05. damage to cingulate cortex may contribute to the larger attentional impairments attention for action (Chudasama et al., 2003; Maddux et al., 2007) .
*
A 0.5 Hz tone improved signal detection in all rats when attentional demands were high, e.g., late in the testing session with shorter duration targets (Figs. 4 -6 ). Additional tests suggest that rats use the tone to time when to attend. This benefit is hypothesized to depend on an intact PPC because it has been shown to control timing of attention (Coull and Nobre, 1998) . Increased event asynchrony alone spared attentional performance, but the first exposure to increased event asynchrony with the 0.5 Hz tone impaired performance. ACh-LX rats showed a greater deficit than Sham-LX rats under these conditions, suggesting that they were more reliant on the tone (Fig. 8 ). An irregular tone is detrimental to the performance of ACh-LX rats but not Sham-LX rats. This impairment is transient, and ACh-LX rats disregard the irregular tone after one block of trials (Fig. 3) . These data support the hypothesis that cholinergic lesions of PFC increase susceptibility to cross-modal distraction.
Visual distractors potently impaired performance of all rats. The perceptual similarity between visual distractors and targets likely augments their disruptive effects. The irregular light has flashes of house light illumination identical to the duration of targets. False alarms were higher in these sessions (37%) than in sessions with a regularly flashing light (22%), suggesting that increased perceptual similarity yields greater confusion between targets and distractors. Both the tone generator and house light are on the wall opposite the panel lights, but the reflection of the house light throughout the box makes it more ubiquitous and difficult to ignore than the tone. We hypothesize that the differences in performance between visual and auditory stimuli were related to issues of salience and that all performance with distractors requires the same attentional network Yantis, 2004, 2006; Buschman and Miller, 2007) . Maintenance of attention in the presence of distraction requires a network of activation including both PFC and PPC (Coull, 1998; Coull and Nobre, 1998; Mesulam, 1999; Bunge et al., 2002; Assad, 2003; Chambers et al., 2004; Buschman and Miller, 2007) , and cholinergic lesions of the PFC disrupt this network.
The increased sensitivity of ACh-LX rats to task-irrelevant stimuli could originate from two possible effects of cholinergic deafferentation in the PFC. First, cholinergic deafferentation of PFC may decrease top-down attentional control and prohibit filtering of irrelevant stimuli. Specifically, damage to the PFC disrupts descending control of the cholinergic basal forebrain to prevent augmented cholinergic efflux in PPC that aids in resolving targets from distractors (Sarter et al., 2001a Nelson et al., 2005; Buschman and Miller, 2007) . Alternatively, decreased acetylcholine in PFC produces a shift in circuit dynamics to ultimately increase the influence of corticocortical circuits, specifically PPC to PFC, that mediate bottom-up processing of stimuli (Hasselmo and McGaughy, 2004; Buschman and Miller, 2007) . Subsequently, we discuss the hypothesized effects of decreased top-down processing and increased bottom-up processing in turn.
If cholinergic deafferentation abolished top-down control of attention, all task-irrelevant stimuli would impair performance because targets could not be discriminated from distractors and performance would remain unchanged despite training. The present data suggest that cholinergic deafferentation of PFC compromises, but does not abolish, top-down control of attention. Evidence of residual top-down control in ACh-LX rats includes their ability to disregard the irregular tone after one block of trials and to disregard unimodal distractors to the same degree as Sham-LX rats. Support for the hypothesis that cholinergic lesions of IL/PL compromise top-down control comes from the initial test of the 0.5 Hz tone with the highly asynchronous ITI. ACh-LX rats, but not Sham-LX rats, have impairments in this session. The diminished ability of ACh-LX rats to adjust to the change in the relationship between the tone and event timing suggests compromised top-down control. Top-down processing of stimuli in the presence of increased attentional demands is hypothesized to result from high levels of prefrontal acetylcholine activating descending glutamatergic pathways from the cortex to the nbm and ultimately augmenting cholinergic efflux in PPC (Nelson et al., 2005) . The loss of PFC acetylcholine in the present study would prevent increased cholinergic efflux in PPC Bruno, 1997, 1999; Sarter et al., , 2001b Sarter et al., , 2005 , impeding discrimination of targets from distractors. However, a loss of top-down control cannot account for the differential effects of distractors based on the regularity and modality of these stimuli.
We hypothesize that these effects reflect enhanced bottom-up processing of stimuli. Prefrontal ACh biases responding to behaviorally relevant stimuli relayed via subcortical afferents rather than corticocortical afferents (Hasselmo and Bower, 1992; Hasselmo, 1999; Hasselmo and McGaughy, 2004) . Highly salient stimuli result in attentional "capture" and produce neural activation in PPC before activation in PFC (Buschman and Miller, 2007) . We hypothesize that this sequence of firing suggests that information about novel, salient distractors is relayed from PPC to PFC in all rats. Cholinergic deafferentation of PFC increases the influence of this circuit on behavior and underlies the increased susceptibility of ACh-LX rats to cross-modal distraction. In contrast to Sham-LX rats, ACh-LX rats show beneficial effects of the 0.5 Hz tone in the first block of trials. The immediacy with which this tone improves performance in ACh-LX rats cannot be explained by compromised top-down, attentional processing. Additionally, the differential effects of regular and irregular tones in ACh-LX rats show that the perceptual properties of stimuli influence its effects. These data suggest that bottom-up processing in ACH-LX rats is increased. We hypothesize that this greater bottom-up processing of task-irrelevant stimuli in lesioned rats reflects a larger influence of PPC on behavior attributable to a shift in circuit dynamics after cortical, cholinergic deafferentation of PFC.
Other studies have shown that PPC neurons respond to target, but not task-irrelevant, stimuli (Broussard et al., 2006) , whereas PFC neurons respond to target and distractor stimuli (Gill et al., 2000) . A critical methodological difference may account for the discrepancy between previous work and our finding. In the previous study, recordings were made after the rats were repeatedly exposed to the distractor. Repeated exposure to a distractor produces performance of ϳ70% accuracy in detecting signals in the presence a 0.5 Hz flashing house light (Gill et al., 2000; Broussard et al., 2006) . In contrast, our Sham-LX subjects accurately detected 40% of signals during the flashing house-light session. Because baseline performance of rats is similar across studies, it seems that the difference in the flashing house-light session is attributable to repeated training with this stimulus. We hypothesize that PPC neurons would increase firing before PFC neurons during the initial exposure to a highly salient distractor of any modality (Buschman and Miller, 2007) . When animals learned to distinguish behaviorally relevant from irrelevant stimuli, increased firing would be found in PFC before PPC neurons (Buschman and Miller, 2007) . Our data suggest that bottom-up processing of these visual distractors is so potent that even rats with fully intact prefrontal cortex cannot maintain attentional performance. Repeated exposure to these visual distractors may dissociate the performance of ACh-LX and Sham-LX rats. Future studies may be aimed at determining whether lesions of the PPC prevent the attentional effects of all task-irrelevant stimuli and whether PPC and PFC firing to these distractors changes after repeated testing.
We also assessed the effects of cholinergic deafferentation of IL/PL on expected uncertainty. Cortical acetylcholine is hypothesized to mediate responses to expected uncertainty, but we found no difference between groups when expected uncertainty was reduced Dayan, 2002, 2005) . Detection of the shortest signal was improved when it was presented alone for all rats (Fig. 7) . This finding suggests that the dynamic stimulus range increases attentional demand and compromises detection of less salient stimuli. It is unclear whether increases in expected uncertainty would impair performance after cholinergic, prefrontal deafferentation, but the addition of more targets in future studies may address this question. In summary, cholinergic lesions of IL/PL decrease top-down and increase bottom-up attentional control, but changes in expected uncertainty were without effect in ACh-LX rats.
